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DISCLAIMER OF RESPONSIBILITY

This document was prepared by or for the General Electric Company. Neither the
General Electnc Company nor any of the contributors to this document:

A. Makes any warranty or represenlation, express or implied, with respect to the
accuracy, completeness, or usefuiness of the information contained in this docu-
ment, or that the use of any information disclosed in this document may not
infringe privately owned rights; of

B. Assumes any responsibility for liability or damage of any kind which may resuit
from the use of any information disclosed in this document.
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ABSTRACT

This information report provides an updated review of General Electric expenence
with production and developmental BWR Zircaioy-clad UO, fuel rods through
December 31, 1976. Previous fuel expernence reports (References 1. 2 and 3) have
exhaustively discussed expenence through September 1974. This report. therefore.
concentrates on the most significant expenence attained in the intervering period
since September 1974 and the introducton of 8x8 fuel.

The “improved” 7x7 and 8x8 fuel performance has been highly successful; of the fuel
examined ( >200,000 rods). only ~0.05% of the “improved” 7x7 and none of the 8x8
fuel had cladding perforations. This improvement in fuel reliability is due to the
elimination of hydnding as an active failure mechanism. fuel design and manufactur-
ing process changes. and general adherence to fuel operating recommendations by
reactor owners. A’ the present time, “improved™ 7x7 and 8x8 fuel rods consiitute over
three-fourths of the GE fual operating in commercial reactors.

No new failure mechanisms are expected in the current 8x8 fuel design because the
current pe formance requirements placed on the fuel are generally within the expen-
ence of statistically demonstrated fuel capability.

General Electric’s fuel expenence base has increased by over 50% since September
1974. The fuel experience gained, coupled with an expanded developmental data
base. supports the basic conclusions of previous expenience reports. that the suc-
cessful irradiations demonstrate that safe and reliable fuel can be designed for
modern BWR conditions.
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1. INTRODUCTION

Previous General Electric fuel experience reports (References 1,2and 3) have provided a thorough discussion of the
operating experience attained with BWR Zircaloy-2 clad UO, reliet fuel through September 1974, At that ime, --810,000
General Electric production Zircaloy-2 clad UO, pellet fuel rods or segments were in of had completed operaton in
commercial BWR's. In addition, this production expernence was complemented by more than 800 developmental irradiations
on rods, segments, and cansules prototypica! or very similar to production BWR fuel rods. These deveiopmental irradiations
covered powers and exposures significantly beyond those to be experier~ J by fuel rods in commercial BWR's and thus
demonstrated the fuel capability inherent in the BWR fuel rod design. In the intervening period (September 1974 to
December 1976), the production fuel experience base has increased by more than 50% with more than 1,250,000
productior: fuel rods now in of having completed operation in 32 commercial BWR's. Furthermore, many additional
developmental irradiations have been completed, or 2re underway, which are directed toward providing increased under-
standing and reliability of BWR fuel performance. Although this incremental experience has significantly extended the GE
iuel experience base, no new failure mechanisms have been otserved. The only mechanisms significantly affecting BWR
tuel reliability during this intervening period have been fuel cladding hydriding, which has been eliminated, and pellet cladding
interaction (PCI) which has been dramatically reduced. These mechanisms were identified and discussed in previous fuel
experience reports (References 2and 7;

GE launched a comprehensive plan of action in 1972 to substantiaily reduce of eliminate PClin GE BWR fuel. The first
step in this action plan was t0 introduce immediate design changes (Reference 2) aimed at reducing localized strains and
vanability in cladding mechanical properties. This “improved™ 7x7 fue! design incorporated a shorter chamfered UQ, peliet,
an increased cladding heat treatment temperature, and hydrogen getters. A second, longer term, design change to an 8x8
fuel matrix was also begun in parallel to reduce fuel thermal duty. In addition, interim plant operating recommendations were
made to ameliorate the effects of PCI dunng tre transition to 8x8 fuel with reduced fuel duty. More than two-thirds of the GE
tuel currently operating is “improved” 7x7 or Bx8 fuel; these two designs have been exiremely reliable to bundle exposures in
excess of 20,000 MWd/L

Reference 3 discussed the characterization of cladding damage by hydriding, steps taken to eliminate hydriding, and
early fieid feedback that hydnding was no longer an active failure mechanism. During the succeeding two years it has been
confirmed that hydnding is not an active cladding perforation mechanism for fuel manufactured since mid-1972.
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4. PRODUCTION FUEL EXPERIENCE
4.1 SUMMARY OF PRODUCTION FUEL EXPERIENCE

A large volume of experience with Zircaloy-clad UO, pellet fuel has been obtained over the past 17 years. The largest
portion of this experience has been obtained in operating commercial power boiling water reactors (BWR) at linear heat
generation rates recresentative of or higher than the current 8x8 or the 8xBR tuel performance requirements. The large
volume of production expenence, starting with the first load of fuel in Dresden- 1 Nuclear Power Station in 1960, has provided
feedback on the adequacy of the design for, and the effects of, operation in a commercial power reactor environment.
Production ‘uel experience has aiso provided feedback on the incidence and effect of flaws and impunties which occur
statistically in large volume production processes.

Table 4-1 presents a summary of BWR experience with GE production Zircaloy-clad UO, pellet fuel. Overall, 73
production fuel tvpes have been designed, manufactured, and ope:ated in 32 BWR's When all production fuel types are
considered, a total of more than 1,250,000 Zircaloy-2-clad UO, fuel rods have been operated in GE designed BWR's. This
represents a 55% increase in the GE production tuel experience base since September 1974. Although the available BWR
production fuel experience base has increased substantially during this time period, no new failure mechanisms have been
observed. Figure 4-1 illustrates GE's experience by exposure interval and bundle design ! ¥ GE reactors excluding most
BWR/1's. Note that some 8x8 and “improved” 7x7 bundies have reached the 15 to 20 GWd/t interval.

Peak linear heat generaticn rates (LHGR), from approximately 10 kW/ft to approximately 18.5 kW/ft have been
experienced with the production fuel. Individual fuel assemblies have achieved average exposures greater than 25,000
MWad/t and have operated approximately 12 years in core residence. In comparison, the current 8x8 and 8x8R fuel designs
have the following operating characteristics:

13.4 kW/#t maximum LHGR (Operating Limit)
~40,000 MWd/t maximum local exposure
~30.000 MWd/t maximum assembly exposure
4 to 6 years in-core residence time

Fuel rod diameters in the range of 0.425 inch to 0.583 inch 0.d. with cladding wall thickness from 30 to 40 mis and
peliet-to-ctadding gaps from 3 to 12 mils have been used in production fuel. Active fuel column lengths have varied from $9.8
1o 146.0inches with fission gas plenum volume per unit of fuel volume from 0.013t0 0.11. Incomparison, Table 4-2 describes
the pertinent characteristics of the three categories of fuel types currently nperating in BWR's 2 through 4.

Figure 4-2 illustrates the chronological introduction of the “improved” 7x7 and 8x8 fuel designs into BWH's 2 through
4 Note that even with the introduction of the “improved” 7x7 fuel design in 1973 and the Bx8 design in 1974, it will be several
years before the oid 7x7 fuel desig: will be completely phased out of reactor usage because of the expected 4- to 5-year
itetime of BWR nuclear fuel. Also note, however, that more than three-fourths of the GE fuel currently operating s either 8x8
or “improved” 7x7 fuel.

4.2 FUEL ROD PERFORATION EXPERIENCE

The early GE BWR fuel experience has been extensively described in previous expenence reports (References 1,2
and 3). In general the Zircaloy-2 clad fuel performance in the very early planis was good, but several problems, summarized
in Table 4-3. were identified and corrected. These earlier problems are not significantly alfecting fuel performance at the
present ume.

Pellet cladding interaction (PC!) and, to a much lesser extent, crud-induced failures and hydnding are the only clad
perforation mechanisms which have affected fuel performance in the last two years. The “improved” 7x7 fue! has been
highly successtful with only ~0.05% of the ~100.000 fuel rods examined having cladding perforations. Of these. 0.01% are
attnbuted to crud induced failures and the remainder to PCi. The majority of the PC! perforations (0.03%) resuited from a
single instance of exczeding the Preconditioning Intenim Operating Management Recommendation (PCIOMR).
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Class of
Reactor

Reactor

Dresden |

AWE -KAML
Garigha.o

JPDR
Consumers (BRP)

]

Oyster Creek

Nine Mile Point 1

Tauruga
Heload

Oresden 2

See looinoles at end of lable

Fuel

1
1me
1MIF

Table 4-1

SUMMARY OF EXPERIENCE IN PRODUCTION ZIRCALOY-CLAD UO, FUEL

No. of
Type Bundies

536
192
104
108

208
66
72
62
46
78
30
41
33
85

169

178

314
48
a5
76
53
82

724

215

Exposure
Peak Pellet
(Mwad/t)

(DECEMBER 31, 1976)

Exposure’
Average
Assembtly
(Mwd/y

8.200
~18,5000
~23,0000
~18,000
~10,000
14,300
19,600
15,500
10,600
4,300
~3.400
23,400
9.400
17,300
14,800
14,600
12,800
15800
12,500
17.200
13,600
11,000
17,500
11,200
8.300
18,700
12,600
18,500
16.290
19.700
16,900
12.300
5800
18.700
21,500
15,600
11,600
7.700
5,400

Time In

LHGR
kw/n

~144
154
155
1586

103
148
148
146
134

150
1777
77
"7y
121
168
158
158
158
158
158
158
158
158
172
172
175
175
175
175
134
134
175
175
175
175
175
175
134
175
175
175
175

w

38882‘:2238322288538888883838883828

Number
Segments (S)
or Rods
Stm
Total In Core
77.184S) 0
6912 1,080
3744 68
3818 255
7.200(8) 0
16848 1]
4224 3.200
4608 3,200
3,968 3,968
2,944 2 344
5.472S) 0
3630 0
3 0
2673 0
6885 2916
6.084 0
6.236 an
13,358 504
643 288
10836 2628
2412 1,908
2 664 2160
11.088 5184
1332 540
504 432
27 440 8.016*
7 644 7 440
26,068 1862
2744 274
1,960 1,666
5292 5292
6048 6.048
12600 12600
15.386 538
2352 862
4165 1L
2724 3381
2597 2597
4018 4018
2268 2268
35478 0
1.044 0
10,535 6958
24 540 13.230
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020 666

Class of
Resston Reactor

3 Dresden 3

3 Quad Cites 2

3 Prigem 1
4 KM
feload

See lootnoles st end of lable

Table 4-1

SUMMARY OF EXPERIENCE IN PRODUCTION ZIRCALOY-CLAD U0, FUEL

(DECEMBCER 31, 1976) (Continued)

Exposure’ Design
Exposure Average Time In Peak Fuel Rod’
No. of Peak Pellet Assembly Core LHGR Diameter
Bundles (MW7) (Mwary (Years) kWit (n)

32 9.600 6.900 16 175 0563
276 11,900 523 R 134 0493
8 5600 4,000 o8 134 049
724 23,500 15,600 59 175 0563
52 15,900 11,100 38 175 0563
44 13,800 9,800 25 134 0493
132 9.300 6,000 13 134 0493
8 6.200 4,500 13 134 0453
148 1,100 700 03 134 0493
560 25,700 14,000 82 175 0570
82 22900 14,900 s 175 0563
2 23,300 15,300 as 175 U 563
25 15,900 10,000 21 175 0543
143/124 9.000 3.300 11014 134 0493
404 22,300 13,800 64 175 0570
60 13.100 7.200 51 175 0563
m 11,900 $,700 10 175 0563
40 3500 1,900 10 175 0563
484 25100 14,200 50 175 0563
20 24,100 17,300 a6 175 0563
18 19 400 10,800 26 134 049
80 15,600 9.500 18 134 0493
268 9,800 6,500 " 134 0493
e 26,100 17,100 82 175 0570
28 26,700 17,700 43 175 0563
68 24 800 16,200 kL] 175 0583
96 21,200 12,500 26 134 0493
80/98 14 400 5.730 07/16 134 0483
724 24100 15,100 52 175 0563
28 17100 *0,900 24 175 0563
n 17,000 11,500 24 134 0492
156 6,500 4,000 os 134 0493
724 23800 14,900 47 175 0563
n 19.700 13,800 12 175 0563
298 11,900 4,300 17/09 134 C 493
14 1,400 1,000 01 134 0493
580 18.700 12.381 40 1”5 0563
20/40 11,700 4,000 24/08 134 049
92 4,900 3.000 a6 134 049
222 29,100 15,000 53 185 0363
12 18,400 T2 29 185 0563
108 21,900 13,500 22 134 0493
120 12900 4600 13 134 0493

Cladding’
Thickness
(mils)

k1

34
34

KL

PPUREEReERRERERRRURERRE

hctive
Pellet-to- Fuel
Cladding Gap Length
(Nominal mits) (n)
12 144
9 144
Y 144
12 144
12 144
Rl 144
9 144
9 144
'] 144
12 144
12 144
12 144
12 144
9 144
12 144
12 144
12 144
12 144
12 144
12 144
9 144
9 144
9 144
12 144
12 144
12 188
9 144
9 144
12 144
1”2 144
9 144
9 144
2 144
12 144
9 144
L] 144
12 144
9 144
9 144
12 144
12 44
9 144
9 rad

Number
Segmenis (S)
or Rods
Sun
Totsl in Core
1,568 1372
17,388 17388
504 504
35478 16 660
2548 2948
2772 27112
82316 8315
504 504
9324 9324
28420 4557
4018 3283
1470 140
6,125 6078
1682 16821
19,766 9800
2,940 2400
5439 5439
1,960 1,960
23718 0
980 980
7.308 7.308
5,040 5040
16864 16884
19.796 2842
1372 1,178
3332 324
© 048 6 048
9828 9828
9476 24606
1372 1372
2268 2268
9828 9828
5476 18816
1519 1372
18774 18774
882 882
20420 20972
1.260 1,260
5796 5.796
11,368 0
588 588
6804 6804
7.560 7560
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120 66|

class of
Resctor

P

»~

Reactor

Vermont Yankee

Beowns Ferr, 1
Beowns Farry 2
Browns Ferry 3
Peac! Sottom 2

Peach Bottom 3
Fukushima 2

Cooper

Duane Armnold
Reload

Halch

FazPatrick

Beunswick 2
Reload

SESI8R2

€Ree
>

36

328/134

168/596"
168/59¢"

Exposure’
Average
Assembly
(Mwan)

Table 4-1
SUMMARY OF EXPERIENCE IN PRODUCTION ZIRCALOY-CLAD UO, FUEL
(DECEMBER 31, 1976) (Continued)

Time In
Cowe
Vews)

Design
Peak
LHGR
kwn

185
185
134
134
185
185
134
185
134
134
185
185
185
185
134
185
185
134
185
185
185
185

Fuel Roa®
Diameter

(n)

0563
0563
0493
0483
0563
0563
0493
0563
0483
0493
0563
« 563
0563
0563
0493
0563
0562
049
0563
0563
0563
0563

Cledding’
Thickness

(mils)

32
k1
34
32
32/37
32/37

Pallet-10-
Ciadding Gap
(Nominai miis)

12
12

12
12
12
12

12
12

12
72
12
12

' Assembly average exposure 1o (hose assemblies remaining in the core of assembly average discharge expusiwe when no assembiies remain in the core
*Appronmately 1/4 core was the old 7x7 luel design and the remaining ~3/4 core the ‘improved” 7x7 luel design

' imgroved 7x7 tuel rod has & 0 563 inch dameter and & 37-mil wall thickness. The 8xB rod has a 0.483 inch damater and & 3¢ mil wall thickness

“Information as of March 29 1976
Mnlormation as of September 30, 1974

144/146
144/148

144
144
144
144
144
144

Number
Segments (S)
or Rode
sun
Totsl n Core
18 424 0
1,960 1.960
26602 20538
126 126
37436 237436
37438 37436
48132 48132
J7436 28224
252 252
11,592 11592
37438 37436
27128 264011
4 441
26852 20972
* 560 7.560
18.002 13720
1968 196
5292 s2%
27 440 | 27440
27440 27440
27440 27440
196 19¢
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EXPOSURE RANGE IN GWOD/T
*BWR 2, 3 AND 4°S PLUS GARIGLIANC AND TARAPUR 1 AND 2

Figure 4-1. Histcgram of Total Number of GE Bundies* versus Discharge or Current Exposure by Fuel Type
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FUEL ADODS IN OPERATION (thousands)

N"DO-21660

1200

1599 023

Figure 42. Number of Fuesl Rods Operating in BWR2/4 Reectors



